Sulfur metabolism is ubiquitous and terminally synthesizes various biomolecules that are crucial for organisms, such as sulfur-containing amino acids and co-factors, sulfolipids and sulfated saccharides. Entamoeba histolytica, a protozoan parasite responsible for amoebiasis, possesses the unique sulfur metabolism features of atypical localization and its terminal product being limited to sulfolipids. Here, we present an overall scheme of E. histolytica sulfur metabolism by relating all sulfotransferases and sulfatases to their substrates and products. Furthermore, a novel sulfur metabolite, fatty alcohol disulfates, was identified and shown to play an important role in trophozoite proliferation. Cholesteryl sulfate, another synthesized sulfolipid, was previously demonstrated to play an important role in encystation, a differentiation process from proliferative trophozoite to dormant cyst. Entamoeba survives by alternating between these two distinct forms; therefore, Entamoeba sulfur metabolism contributes to the parasitic life cycle via its terminal products. Interestingly, this unique feature of sulfur metabolism is not conserved in the nonparasitic close relative of Entamoeba, Mastigamoeba, because lateral gene transfer-mediated acquisition of sulfatases and sulfotransferases, critical enzymes conferring this feature, has only occurred in the Entamoeba lineage. Hence, our findings suggest that sulfolipid metabolism has a causal relationship with parasitism.
Introduction
Sulfur metabolism terminally synthesizes a variety of sulfur-containing biomolecules, such as methionine, cysteine, Fe-S clusters, sulfolipids (SLs) and sulfated mono-or poly-saccharides, some of which are further conjugated to proteins or lipids. Most organisms synthesize these diverse metabolites from sulfate via sulfate activation, a pivotal step in sulfur metabolism. This sulfate activation consists of two sequential reactions that produce adenosine 5 0 -phosphosulfate (APS) and 3 0 -phosphoadenosine 5 0 -phosphosulfate (PAPS) respectively (Sekowska et al., 2000; Yoshinari et al., 2001; Rath et al., 2004; Koprivova and Kopriva, 2014) .
Entamoeba histolytica, a protozoan parasite belonging to the phylum Amoebozoa is the causative agent for intestinal and extraintestinal amoebiasis, a global public health problem (Ralston and Petri, 2011) . Sulfur metabolism in this parasite shows the unique features of atypical localization of sulfate activation and its terminal product being limited to SLs (Mi-Ichi et al., 2009; 2015a,b; . Typically, sulfate activation is localized in the cytosol and plastids (Patron et al., 2008; Bradley et al., 2009) ; however, E. histolytica sulfate activation is exclusively compartmentalized to mitosomes (Mi-Ichi et al., 2009 . Mitosomes were discovered in Entamoeba as mitochondrion-derived organelles that have largely lost typical mitochondrial functions over the course of eukaryote evolution (Embley and Martin, 2006; Shiflett and Johnson, 2010) . Owing to this atypical localization, PAPS produced by mitosomal sulfate activation needs to be translocated to the cytosol to be a substrate for E. histolytica sulfotransferases (EhSULTs), the terminal enzyme for SL synthesis. This translocation is mediated by a mitosomal transporter, EhMCF (Mi-Ichi et al., 2015b) .
As well as atypical localization, Entamoeba sulfur metabolism is limited to the synthesis of SLs, one of which has a unique biological role (Mi-Ichi et al., 2015a) .
E. histolytica synthesizes six SLs (SL-I-VI) as the terminal sulfur metabolites (Mi-Ichi et al., 2009; 2015a,b) . SL-I is identified as cholesteryl sulfate (CS), which plays an important role in encystation, the differentiation process that forms dormant cysts from proliferative trophozoites in the Entamoeba life cycle (Mi-Ichi et al., 2015a) . Entamoeba cysts are solely responsible for transmission between hosts (Ralston and Petri, 2011; Mi-Ichi et al., 2016) . Hence, Entamoeba sulfur metabolism synthesizes a terminal product that has an important role in regulating cellular differentiation that is crucial for the parasites' life cycle (Mi-Ichi et al., 2009; 2015a) .
Among ten SULTs (EhSULT1-10) encoded in the E. histolytica genome, EhSULT6 is the sole enzyme responsible for the synthesis of CS (Mi-Ichi et al., 2009; 2015a) . Information on the other five SLs and nine EhSULTs is, however, lacking. To thoroughly understand Entamoeba sulfur metabolism, structural determinations of unidentified SLs are required and they need to be related to the enzymes responsible for their synthesis. As well as anabolism, catabolism is also crucial in sulfur metabolism. Sulfatases (SFs), which can degrade a variety of sulfated molecules, are among the best characterized catabolic enzymes (Hall et al., 2005; Hagelueken et al., 2006; Toesch et al., 2014; Bjelica et al., 2016) . In the E. histolytica genome there are five genes that encode putative SFs (AmoebaDB, http://amoebadb.org/ amoeba/). Ultimate goals are the elucidation of the steps required for SL synthesis and degradation, which are central to Entamoeba sulfur metabolism, and also a thorough understanding of the molecular mechanisms underlying the biological phenomena to which this sulfur metabolism commits Entamoeba.
To address these issues, we attempted a new genetic approach that simultaneously knocks down multiple genes encoding EhSULTs and E. histolytica SFs (EhSFs), sulfur metabolism anabolic and catabolic enzymes respectively. We also attempted to purify and determine the structures of the two terminal E. histolytica sulfur metabolites, SL-V and -VI by mass spectrometry (MS) and nuclear magnetic resonance (NMR) analyses. Furthermore, using the above new multiple gene knockdown approach as well as standard single gene knockdown, we investigated the cellular functions of the Entamoeba terminal sulfur metabolites.
Results
The overall scheme of Entamoeba sulfur metabolism Anabolic pathway; linkage of all EhSULTs, the terminal enzymes in sulfolipid synthesis, to SLs, the end sulfur metabolites in E. histolytica. In sulfur metabolism, a final step to synthesize sulfated molecules, such as SLs and sulfated saccharides, is mediated by the SULT family, which catalyzes the sulfate-transfer from PAPS to its acceptor Yoshinari et al., 2001 ). E. histolytica synthesizes six SLs (SL-I-VI) as the terminal sulfur metabolites and ten putative SULTs are encoded in the genome (EhSULT1-10) (Mi-Ichi et al., 2009; 2015a) . Among them, SL-I is CS and EhSULT6 is cholesteryl sulfotransferase (Mi-Ichi et al., 2015a) . Here, EhSULT10 was assigned as the enzyme responsible for synthesizing a newly identified SL that can be reproducibly detected as a tiny but well-separated spot on a twodimensional thin layer chromatography (TLC) plate (hereafter designated as SL-VII; Supporting Information Fig. S1 ). These correlations between EhSULTs and SLs were achieved by a single gene knockdown approach via gene silencing (Bracha et al., 2006; Mi-Ichi et al., 2011) . However, this approach is limited because single gene knockdown of members of a gene family such as EhSULTs do not always result into an obvious reduction of the synthesized products, probably because of genetic redundancy (Mi-Ichi et al., 2015a) .
EhSULT genes 1-5 and 7-9 show redundancy; therefore, to overcome the above limitation, we attempted to develop a multiple gene knockdown system in E. histolytica. In this approach, truncated open reading frames of the targeted genes (400-450 bp from the start codon) were tandemly connected, and the resulting gene cassette was placed in a vector to be transcribed by the upstream region of Ehap-a (5 0 ap-a region), which has been used in a standard single gene knockdown system (Supporting Information Fig. S2A ; [Bracha et al., 2006; Mi-Ichi et al., 2011] ). For plasmid constructions, EhSULT1, -5 and -7 were treated as a single gene because a concurrent, substantial reduction of the mRNAs for EhSULT1, -5 and -7 was previously observed by a single gene knockdown, probably because of high sequence identity among these three genes (Mi-Ichi et al., 2015a) . Hence, the target genes to be knocked down were EhSULT1 (-5, or -7), -2-4, -8 and -9.
To select the combinations of genes to be simultaneously knocked down, we referred to SULT evolutionary lineages (Mi-Ichi et al., 2015a) because isozyme lineages sometimes indicate their distinct characteristics. A phylogenetic tree of SULTs from our previous study (MiIchi et al., 2015a) indicated that within the lineages to which the drastically expanded Entamoeba SULT paralogs belong, the two independent lineages to which EhSULT6 and 210 belong are distinct from those of the other eight EhSULTs (the targets for multiple gene knockdown). Here, based on this tree, we grouped these eight EhSULTs into four lineages (A, EhSULT1, 25, and 27; B, EhSULT2; C, EhSULT3 and 24 and D, EhSULT8 and 29) (Mi-Ichi et al., 2015a) and predicted that EhSULTs belonging to each lineage are functionally redundant. Furthermore, lineage D is likely to be distant from the other three lineages ( Fig. 1A ; [Mi-Ichi et al., 2015a] ). We then established a series of E. histolytica transformants in which combinations of genes selected to cover each lineage were knocked down via gene silencing. Each established E. histolytica transformant was named. For instance, the E. histolytica transformant in which the gene for EhSULT1 was knocked down via gene silencing was named SULT1gs, the transformant in which genes for EhSULT1 and 22 were knocked down was named SULT1/2gs, and that in which genes for EhSULT1-3 were knocked down was named SULT1/ 2/3gs (Fig. 1A, Supporting Information Fig. S2B ). The transformants obtained were analyzed by metabolic labeling with 35 S-labeled inorganic sulfate (Fig. 1B) , and the reduction of the transcript level of each gene was verified by quantitative RT-PCR (qRT-PCR) (Supporting Information Fig. S3A ). It should be mentioned that empirically, in this new genetic approach, knockdown of up to six genes could be reproducibly achieved using a single vector; however, some genes need to be placed in an appropriate order in the vector cloning site to be efficiently knocked down. However, knockdown levels of EhSULT4 in some knockdown strains were less than in others (see Supporting Information Fig. S3A ).
To investigate changes of SLs produced in the established transformants, SL-II and -III were analyzed together because they are difficult to separate on a TLC plate. SL-IV is a sulfolipid and SL-V and -VI are fatty alcohol disulfates (see the Section 'Identification of terminal sulfur metabolites in Entamoeba').
The E. histolytica transformants in which one or two SULTs genes of each targeted lineage were knocked down [SULT1gs, SULT2gs (Mi-Ichi et al., 2015a), SULT3/4gs and SULT8/9gs] did not show any significant differences in the profile of SLs produced compared with the control transformant harboring the empty vector ( Fig. 1A-C) . As expected, all the targeted mRNAs for corresponding genes in each knockdown strain were significantly reduced (Supporting Information Fig. S3A ). These results indicate that blocking the function of SULT(s) in a single lineage is not sufficient to detect the phenotype. Therefore, we selected the genes to be knocked down to cover not only all combinations of closely related lineages but also combinations of all lineages (A and B, B and C, A and C, A-C and A-D) (Fig. 1A) . For the synthesis of SL-II and -III, SULT1/2gs and SULT1/3/ 4gs, in which the EhSULTs function in lineages A (EhSULT1, 25 and 27) and B (EhSULT2) and in the lineages A and C (EhSULT3 and 24) respectively, were blocked by multiple EhSULTs knockdown. These transformants showed significant reduction compared with the control transformant, and an effect observed in SULT1/3/4gs was slightly less than that in SULT1/2gs. In contrast, SULT2/3/4gs (the EhSULTs in lineages B and C were blocked) did not show any significant effect. These results together with the above finding of no phenotypes in the related transformants (in which the function of lineage A, B, or C was blocked) indicate that for the synthesis of SL-II and -III, the function of EhSULTs in lineage A is highly required but not sufficient, and that the addition of lineage B or C is necessary. SULT1/2/3/ 4gs (function of lineages A-C blocked) showed only a slightly greater negative effect than SULT1/2gs or SULT1/3/4gs, further indicating that the combination of lineage A with either B or C is critical. EhSULTs in lineage D (EhSULT8 and 29) did not contribute to the synthesis of SL-II or -III because the level of reduction observed in SULT1/2/3/4/8/9gs (function of lineages A-D blocked) was slightly less than that in SULT1/2/3/4gs (function of lineages A-C blocked) ( Fig. 1B and C) . These results together with the lack of phenotypes in single gene or lineage knockdown strains ( SL-IV, SULT1/2gs (function of lineages A and B blocked) and SULT1/2/3/4gs (function of lineages A-C blocked) showed comparable and significant reductions of synthesis compared with the control transformant while neither SULT1/3/4gs (function of lineages A and C blocked) nor SULT2/3/4gs (function of lineages B and C blocked) showed any reduction. In addition, SULT1/2/3/ 4/8/9gs (function of lineages A-D blocked) showed a slightly greater reduction compared with SULT1/2gs and SULT1/2/3/4gs ( Fig. 1B and C) . These results indicate that EhSULT1, 22, 25, 27-9 (lineage A, B and D) are involved in the synthesis of SL-IV, and that EhSULT1, 22, 25 and 27 (lineage A and B) are mainly responsible. Similar to the case of SL-II and -III synthesis, an unexpected positive effect of SULT3/4gs (function of lineage C blocked) on the synthesis of SL-IV was also observed. In this strain, the transcript levels of SULT1 and 22 (belonging to lineages A and B) were elevated (Supporting Information Fig. S3A ), which is consistent with the above interpretation of the results. For the synthesis of fatty alcohol disulfates, SULT1/3/ 4gs (function of lineages A and C blocked) and SULT1/ 2/3/4gs (function of lineages A-C blocked) showed comparable and significant reductions of synthesis compared with the control transformant while neither SULT1/ 2gs (function of lineages A and B blocked) nor SULT2/3/ 4gs (function of lineages B and C blocked) showed any reduction. In addition, similar to the synthesis of SL-IV, the reduction in SULT1/2/3/4/8/9gs (function of lineages A-D blocked) was slightly greater than that in the transformants showing significant reduction (SULT1/3/4gs and SULT1/2/3/4gs) ( Fig. 1B and C) . These results indicate that EhSULT1, 23-5, and 27-9 (lineages A, C and D) are involved in the synthesis of fatty alcohol disulfates, and that EhSULT1, 23-5, and 27 (lineages A and C) are mainly responsible.
Taken together, for the synthesis of SL-II-IV and fatty alcohol disulfates, EhSULT1-5 and 27-9 are indeed functionally redundant, and EhSULT1, 25 and 27 cooperate with either EhSULT2 or EhSULT3, and 24 to play a critical role, and that EhSULT8, and 29 play an auxiliary role when needed.
Catabolic pathway; linkage of all EhSFs, the enzymes responsible for SL degradation, to their SLs substrates. SFs that can hydrolyze sulfate esters have crucial roles in a broad range of organisms. They are classified into three mechanistically and structurally distinct groups: the alkylsulfatases from the a-ketoglutaratedependent dioxygenase family, the Zn-dependent alkylsulfatases, and the formylglycine-dependent sulfatases (Diez-Roux and Ballabio, 2005; Toesch et al., 2014; Bjelica et al., 2016) . In the E. histolytica genome, five putative SFs are encoded (Supporting Information Figs  S4 and S5A, Table S1 ), and their amino acid sequences show significant identity with those of the Zn-dependent alkylsulfatases (32.0-40.1%). Nevertheless, no alkylsulfatase counterparts from the a-ketoglutarate-dependent dioxygenase family are encoded in Entamoeba genomes (AmoebaDB, http://amoebadb.org/amoeba/). Furthermore, Entamoeba genomes also lack any counterparts of the formylglycine-dependent sulfatases, which are predominant among living organisms and are active on a broad diversity of substrates (Benjdia and Berteau, 2016) . In addition, phylogenic analysis of SFs revealed that the lineage to which Entamoeba SF paralogs belong is closely related to that of alkyl SFs from Bacteroides (Supporting Information Fig. S4B ). Previous studies suggest that lateral gene transfer (LGT) is responsible for Entamoeba possessing SFs (Loftus et al., 2005; Hagelueken et al., 2006) . This study indicates that LGT of an ancestral SF indeed occurred in an ancestor of Entamoeba, and that the origin of Entamoeba SF is an ancestor of Bacteroides sp., a component of the human gut microbiota.
To examine whether these putative EhSFs are involved in the degradation of SLs synthesized in E. histolytica, i.e., CS, SL-II-IV and -VII, and fatty alcohol disulfates, we established single gene E. histolytica knockdown strains for each SF gene (SF1gs, SF2gs, SF3gs, SF4gs and SF5gs), and analyzed them in a similar way as described for the EhSULT knockdown strains (Fig. 2, Supporting Information Figs S2 and S3) . Among five transformants established, SF4gs and SF5gs showed significant differences in the profiles of SLs levels compared with the control transformants while SF1gs, SF2gs and SF3gs did not; SL-II-IV were highly accumulated in SF4gs and SF5gs (Fig. 2) .
The most probable reason why obvious changes could not be observed in the three single gene knockdown strains (SF1gs, SF2gs and SF3gs) is genetic redundancy among EhSF1-3, as seen for the anabolic EhSULTs; a phylogenetic tree of EhSFs indicates that EhSF1-3 are monophilic (Supporting Information Fig. S4 ). We, therefore, applied our multiple gene knockdown approach (Supporting Information Figs S2 and S3) . SF1/2/3gs, in which EhSF1-3 are concurrently knocked down via gene silencing, accumulated SL-II-IV at high levels as compared with the control transformant (Fig. 2) .
In the three transformants that showed obvious phenotypes (SF4gs, SF5gs and SF1/2/3gs), the mRNA levels of the targeted genes were reduced (Supporting Information Fig. S3A ), suggesting that all EhSF1-5 enzymes responsible for the degradation of SL-II-IV act redundantly. It should be noted, however, that in these transformants, the mRNA levels of genes other than the target were also changed; among them, the mRNA levels of EhSF4 were consistently reduced and correlated with the accumulation of SL-II-IV in each transformant. Therefore, the possibility cannot be ruled out that EhSF4 is the only enzyme responsible for degradation of SL-II-IV.
Elucidation of the Entamoeba anabolic sulfur metabolism pathway was achieved by the above analysis and previous studies (see the above section and [Mi-Ichi et al., 2009 , 2015a , 2015b ). To illustrate the whole scheme for sulfur metabolism in Entamoeba, an important issue remaining to be addressed was the localization of catabolic EhSFs. We, therefore, attempted to establish independent transformants expressing hemagglutinin (HA)-tagged EhSF1 to 25 in E. histolytica. HA-EhSF3 and 25 overexpressing transformants could be established while HAEhSF1, 22 and 24 overexpressing transformants could not. Fluorescent HA tag signals were detected throughout transformants, except in organelles such as the nucleus, vacuoles and small vesicles (Supporting Information Fig.  S5B ), indicating the cytosolic localization of EhSF3 and 25. Phylogenetic analysis indicates that EhSF3 and 25 are representative in each of two distinct lineages (Supporting Information Fig. S4 ). Moreover, SignalIP 4.1 Uniqueness of Entamoeba sulfur metabolism 483 analysis (http://www.cbs.dtu.dk/services/SignalP/) revealed that none of the EhSFs possess typical features associated with secreted proteins. Collectively, these findings indicate that the anabolic pathway of the Entamoeba sulfur metabolism in which EhSF1-5 are independently or cooperatively involved is localized in the cytosol.
Biological role of sulfur metabolism in Entamoeba
To investigate the biological role of sulfur metabolism in Entamoeba, the role of terminal metabolites was elucidated by investigating the phenotype of transformed E. histolytica trophozoites, in which the function of anabolic enzymes (EhSULTs) or catabolic enzymes (EhSFs) critical for the maintenance of the terminal sulfur metabolites (CS, SL-II-IV, and -VII, and fatty alcohol disulfates) was blocked by knocking down the corresponding genes. The role of CS was previously demonstrated (Mi-Ichi et al., 2015a). Here, to elucidate the roles of the other five SLs, i.e., SL-II-IV, and -VII, and fatty alcohol disulfates. The transformants that showed significant, distinct phenotypes regarding the accumulation level of these SLs were investigated; for example, SULT1/2/3/4/ 8/9gs (in relation to the synthesis of SL-II-IV and fatty alcohol disulfates), SULT10gs (for SL-VII), and SF4gs and SF5gs (in relation to the degradation of SL-II-IV). SULT1/2/3/4/8/9gs showed growth retardation compared with the wild type (Fig. 3A) , while SULT10gs, SF4gs and SF5gs did not show significant differences in growth (Fig. 3B) . Taken together, these results indicate that SULT1-5 and 27-9 play an important role in the proliferation of E. histolytica trophozoites and suggest that SL-II-IV and fatty alcohol disulfates are indispensable in the proliferative trophozoite stage. Furthermore, accumulation of SL-II-IV did not affect cell growth, indicating that a basal level of SL-II-IV is sufficient to maintain E. histolytica in a healthy condition at the trophozoite stage.
Identification of terminal sulfur metabolites in Entamoeba
SL-V and -VI are a mixture of C 16 -, C 17 -, C 18 -, C 19 -and C 20 -fatty alcohol disulfates; fatty alcohol disulfates are novel sulfur-containing biomolecules. We previously purified substantial amounts of SL-I, -V and -VI from the six SL species (SL-I-VI), and determined SL-I as CS (Mi-Ichi et al., 2015a) . Here, we focused on SL-V and -VI. While assessing the suitability of the purified samples for MS and NMR analyses, it became conceivable that SL-V and -VI are a mixture of a single SL species; the radiolabeled bands that were separately detected on a TLC plate yielded a single band at the corresponding position when the plate was placed in iodine vapor. Metabolic labeling analysis did not always produce two bands, but sometimes one, and sometimes even three or more bands at the corresponding position (Figs 1B, 2A and Supporting Information Fig. S6 ). When a large scale purification of SL-V and -VI was performed (Mi-Ichi et al., 2015a) , unlike the radiolabeled spots, the bands corresponding to SL-V and -VI did not consistently separate as distinct bands. Collectively, a mixture of purified SL-V and -VI was subjected to MS and NMR analyses.
High-resolution electrospray ionization time-of-flight MS (ESI-TOF MS) showed molecular-related ion peaks at m/e 439. 1484, 453.1509, 467.1790, 481.1628 and 495.1958 Fig. S7 ). These spectral data identified the chemical structure to be a, x-fatty alcohol disulfates (Fig. 4) . Furthermore, on a two-dimensional TLC plate, the 35 S-labeled bands corresponding to SL-V and -VI migrated similarly to several 14 C-labeled spots extracted from 14 C-stearic acid labeled cells (Fig. 5) , indicating that fatty acids can be a precursor for SL-V and -VI. Entamoeba has no de novo synthetic pathway for fatty acids and, therefore, relies on the external milieu as its source of fatty acids (Clark et al., 2007) . Hence, we concluded that the Entamoeba sulfur metabolism terminally synthesizes a mixture of C 16 -, C 17 -, C 18 -, C 19 -and C 20 -fatty alcohol disulfates (corresponding to SL-V and -VI) from external sulfate and fatty acids. Notably, the fatty alcohol disulfates, a, x-fatty alcohol disulfates, are a previously unrecognized natural compound.
Discussion
Sulfur, an essential element for life, exists in inorganic and organic molecules in living organisms. These sulfurcontaining biomolecules play versatile roles in organism maintenance and are usually synthesized from sulfate via APS and PAPS, both of which are vital intermediates in the branched pathway of sulfur metabolism. Sulfated biomolecules are produced by the single step of sulfatetransfer from PAPS to various substrates through the catalytic action of the SULT family (Yoshinari et al., 2001; Koprivova and Kopriva, 2014) . Sulfate removal of these sulfated biomolecules is enzymatically catalyzed by the SF family (Toesch et al., 2014; Bjelica et al., 2016) . Here, we could relate all SULTs encoded in the E. histolytica genome (EhSULT1-10) to SLs (CS, SL-II-IV, and -VII, and fatty alcohol disulfates), the end sulfur metabolites synthesized in the parasite. These SLs are predominant terminal metabolites synthesized via PAPS in E. histolytica (Mi-Ichi et al., 2009 ). As well as anabolic enzymes, catabolic EhSF enzymes, are involved in the degradation of SLs synthesized in E. histolytica. These lines of evidence indicate that SL synthesis and degradation is the main pathway in Entamoeba sulfur metabolism. Furthermore, in combination with our previous findings, we are able illustrate the entire sulfur metabolism scheme in Entamoeba, a parasitic organism ( Fig. 6 ; [Mi-Ichi et al., 2009; 2015a,b] ).
As a novel sulfur metabolite (corresponding to SL-V and -VI), we have identified fatty alcohol disulfates in E. histolytica. This metabolite is synthesized from external sulfate and fatty acid, and shows heterogeneity in acyl-chain length but does not have any unsaturated portions. These structural characteristics can be explained by the presence of the genes encoding enzymes catalyzing fatty acid elongation and by the absence of fatty acid desaturase genes [ (Clark et al., 2007) ; AmoebaDB, http://amoebadb.org/amoeba/]. To elucidate all the steps in the synthetic pathway for fatty alcohol disulfates, at least two more reactions should be assumed (see Fig. 6 ). One is to synthesize fatty alcohol from their corresponding fatty acids. The other is to catalyze the hydroxylation at the omega position of the fatty acid, fatty alcohol and/or fatty alcohol sulfate. The former reaction is briefly to form fatty alcohol from fatty acid, which is usually mediated by fatty acyl-CoA reductase (Eirin-Lopez et al., 2012) . The latter reaction is mediated by cytochrome P450 family member proteins in animals and plants (Pinot and Beisson, 2011; Hoopes et al., 2015; Bjelica et al., 2016) . However, new enzymes are likely because typical fatty acyl-CoA reductase and cytochrome P450 family member proteins are not encoded in the Entamoeba genomes ([Eirin-Lopez et al., 2012]; AmoebaDB, http://amoebadb.org/amoeba/ ). Given that these two putative reactions cooperate with SULTs in Entamoeba, the substrate(s) necessary for EhSULT1, 23-5 and 27-9 to terminally synthesize fatty alcohol disulfates could be provided (see Fig. 6 ). Identification and characterization of these putative enzymes will, therefore, reveal all the steps of Entamoeba sulfur metabolism that are functionally linked with fatty acid metabolism (see Fig. 6 ).
SL-II-IV have been also identified as a natural substrate for EhSFs, Zn-dependent alkylsulfatases. Zndependent alkylsulfatases involve Pseudomonas sp. SF (sdsA product), which is responsible for the degradation of sodium dodecyl sulfate (SDS) (Supporting Information Fig. S5A ). Pseudomonas harboring sdsA is able to utilize SDS as a sulfur source for its growth (Payne et al., 1965; Hagelueken et al., 2006) . However, because SDS is a non-natural compound and the natural substrate for the sdsA product, a Zn-dependent alkylsulfatase, has not been identified, an evolutionarily perspective on acquiring the ability to degrade SDS was not revealed. This study has provided a clue to solve this enigma because substrates for Entamoeba Zn-dependent alkylsulfatases are SL-II-IV, which are produced by Entamoeba itself. In this study, however, relating specific EhSFs to SL-II, -III, or -IV individually could not be achieved. This is mainly attributed to low levels of basal transcription of EhSF1-2, and -5, which prevented reliable assessment of the reduction of each mRNA level (Husain et al., 2011) . To provide a robust answer, characterization of each EhSF as a recombinant enzyme, purification of SL-II-IV, and determination of their structures are necessary. However, production of EhSFs as recombinant enzymes has not been successful, and purification of SL-II-IV has been hampered by technical problems. Culture medium, an initial material in the purification, has a high sulfate content, which is an inhibitor in affinity chromatography, whereas the intracellular content of SL-II-IV is very low, which prevents purification from cells. Overcoming these hurdles or finding an alternative approach will not only enable the substrate of SF to be identified but will also provide a new insight into the role of SF, because SL-II-IV are synthesized in the cytosol and are secreted extracellularly (Supporting Information Fig. S6 ), and their degradation enzymes, EhSFs are localized in the cytosol in Entamoeba.
A successful new genetic approach, multiple gene knockdown, enabled elucidation of the biological roles of sulfur metabolism in Entamoeba. The growth impairment of E. histolytica trophozoites in which multiple EhSULTs were knocked down indicates that SL-II-IV, and fatty alcohol disulfates, terminal sulfur metabolites in E. histolytica, play an important role in trophozoite proliferation. CS, another synthesized SL corresponding to SL-I, was previously demonstrated to play an important role in encystation, a differentiation process from proliferative trophozoite to dormant cyst (Mi-Ichi et al., 2015a) . The Entamoeba life cycle essentially consists of the proliferative trophozoite and dormant cyst stages; therefore, Entamoeba operates a unique sulfur metabolism that functions as SL metabolism and contributes to the parasitic life cycle via its terminal metabolites exerting pleiotropic effects.
Notably, this novel hallmark of SL metabolism in Entamoeba is not conserved in Mastigamoeba, a nonparasitic close relative of Entamoeba (this study; [Mi-Ichi et al., 2015a] ). This diversification results from specialization by LGT; acquisition of sulfate activation by LGT occurred in a common ancestor of Entamoeba and Mastigamoeba, but that of SFs and SULTs occurred only in the Entamoeba lineage (this study; [Mi-Ichi et al., 2015a; Nyvltova et al., 2015] ). Interestingly, the origin of Entamoeba SFs is demonstrated to be Bacteroides sp., a component of the human gut microbiota that shares a habitat with E. histolytica, although the origin of Entamoeba SULTs remains unknown due to low resolution of the inferred phylogenetic tree (Mi-Ichi et al., 2015a) . Collectively, these findings make it conceivable that acquisition of catabolic SF as well as anabolic SULT enzymes by LGT promotes sulfur metabolism to evolve as SL metabolism in the Entamoeba parasitic lineage.
LGT is a process that generates new genes, which can drive adaptive evolution (Chen et al., 2013) . In conclusion, we provide evidence to substantiate LGT contributing to the establishment of a parasitic lineage by conferring a novel hallmark of sulfur metabolism.
Experimental procedures
Cultivation and metabolic labeling of E. histolytica
In vitro cultures of E. histolytica HM-1:IMSS cl6 and G3 strains were routinely maintained as described previously (Mi-Ichi et al., 2009 lCi) in 0.75 ml BI-S-33 medium at 378C for 24 h under anaerobic conditions using Anaerocult A (Merck). After the labeled cells were harvested, lipids were extracted with 0.5 ml methanol and were purified using Oasis WAX cartridge (30 mg, Waters) as described previously (Mi-Ichi et al., 2015a EST-TOF MS analysis of a mixture of purified SL-V and -VI
The purified sample was dissolved in 0.1% HCOOH/CH 3 CN (v/v), and subjected to ESI-TOF MS analysis with a micrO-TOF II mass spectrometer (Bruker). The operation was conducted in the negative ion mode.
NMR analysis of a mixture of purified SL-V and -VI
The purified sample (0.2 mg) was dissolved in 250 ll of CD 3 OD using a 5 mm / MMS-005T NMR tube (Shigemi, Tokyo, Japan). The NMR spectrum was recorded on an Agilent INOVA 600 spectrometer (Agilent Technologies) at 298 k, and the 1 H NMR chemical shifts were referenced to tetramethylsilane.
Preparation of E. histolytica gene-silenced transformants
All the primer sets for PCR-amplifications and the synthetic DNAs used for plasmid constructions are listed in Supporting Information Table S2 . pSAP2-g-multi for multiple gene knockdown was constructed as follows. The pSAP2-g-multi plasmid was derived from psAP-2-gunma (Mi-Ichi et al., 2011) by truncation of the neo expression cassette, removing several restriction enzyme sites and creating a StuISacII-SpeI-NotI-SacI multicloning site. The KpnI-XhoI fragment of psAP-2-gunma that carries a neo cassette and an internal XhoI site was replaced with a PCR-amplified truncated neo cassette that is appended with KpnI and XhoI sites. Subsequently, the SacII-StuI fragment that includes a 5 0 ap-a region was removed by SacII/StuI-digestion, blunting and ligation. Finally, a new PCR-amplified 5 0 ap-a region appended with BamHI and StuI-SacII-SpeI sites was inserted into BamHI and SpeI sites. The schematic structures of the pSAP-g-multi plasmid are shown in Supporting Information Fig. S2A , and the nucleotide sequence is registered in GenBank under accession number LC276895.
Fragments of 400-450 bp corresponding to the 5 0 -end of the investigated E. histolytica gene ORFs were amplified with suitable primers sets. A correct set of amplicons was inserted into the appropriate sites of pSAP2-g-multi-simultaneously or -sequentially. All the plasmids constructed are listed in Supporting Information Table S3 .
Lipofection transfection of E. histolytica trophozoites with the constructed plasmids, drug selection and maintenance of selected transformants were performed as described previously (Mi-Ichi et al., 2009 ) with slight modification. Briefly, 3 3 10 5 trophozoites seeded in each well of 24-well culture plates were incubated for 4 h in a 400 ll mixture containing 2.5 lg plasmid dissolved into 8 ll Lipofectamine LTX (Thermo Fisher Scientific), 4 ll plus reagent (Thermo Fisher Scientific), and 388 ll transfection medium [OPTI-MEM I medium (Thermo Fisher Scientific) supplemented with 1 mg/ml L-cysteine and ascorbic acid]. The treated cells were then transferred to routine culture as described above. After 24 h cultivation, G418 selection was started by gradually increasing the drug concentration from 2 to 20 lg/ml.
The knockdown of targeted genes in the established transformants was evaluated by real time qRT-PCR as described previously (Mi-Ichi et al., 2015a) with suitable primer sets [(Mi-Ichi et al., 2015a) , Supporting Information Table S2 ].
Cell growth assay
The cell growth assay was performed as described previously (Mi-Ichi et al., 2011 , 2015a except that the starting cell number was set at 3000 trophozoites/ml and growing cells were counted at 48, 72 and 96 h.
Phylogenetic analysis of SFs
To analyze the phylogenetic relationship among the SFs that exist in a wide variety of organisms, we performed BLAST searches of AmoebaDB (http://amoebadb.org/ amoeba/) with the E. histolytica SF1 sequence as a query to retrieve as many SF sequences as possible. The SFs used for analysis are listed in Supporting Information Tables S1A and S1B. Amino acid sequences of these SFs were automatically aligned by ClustalW (Larkin et al., 2007) , followed by manual modification. After exclusion of ambiguously aligned positions, two data sets were produced. One contained all SFs and the other contained only Entamoeba SFs. Both data sets were subjected to maximum likelihood (ML) phylogenetic analyses with the LG1 C model using RAxML ver. 8.1.21 (Stamatakis, 2014) . The percent bootstrap (BP) support value from the ML analyses with 100 bootstrap replicates was mapped onto each internal branch of the optimal ML tree for an original data set.
